Abstract. From anaerobic freshwater enrichment cultures with 3-hydroxybenzoate as sole substrate, a slightly curved rod-shaped bacterium was isolated in coculture with Desulfovibrio vulgar& as hydrogen scavenger. The new isolate degraded only 3-hydroxybenzoate or benzoate, and depended on syntrophic cooperation with a hydrogenoxidizing methanogen or sulfate reducer. 3-Hydroxybenzoate was degraded via reductive dehydroxylation to benzoate. With 2-hydroxybenzoate (salicylate), short coccoid rods were enriched from anaerobic freshwater mud samples, and were isolated in defined coculture with D. vulgaris, This isolate also fermented 3-hydroxybenzoate or benzoate in obligate syntrophy with a hydrogen-oxidizing anaerobe. The new isolates were both Gram-negative, non-sporeforming strict anaerobes. They fermented hydroxybenzoate or benzoate to acetate, CO2, and, presumably, hydrogen which was oxidized by the syntrophic partner organism. With hydroxybenzoates, but not with benzoate, Acetobacterium woodii could also serve as syntrophic partner. Other substrates such as sugars, alcohols, fatty or amino acids were not fermented. External electron acceptors such as sulfate, sulfite, nitrate, or fumarate were not reduced. In enrichment cultures with 4-hydroxybenzoate, decarboxylation to phenol was the initial step in degradation which finally led to acetate, methane and CO2.
Methanogenic degradation of aromatic compounds was first reported by Tarvin and Buswell (1934) . Research mainly focussed on degradation of benzoate as a model substrate by photosynthetic, nitrate-reducing, or sulfate-reducing bacteria, as well as by undefined methanogenic enrichment cultures (Evans 1977; Young 1984) . A defined methanogenic coculture, Syntrophus buswellii, was isolated recently which ferments benzoate to acetate, CO2 and methane (Mountfort and Bryant 1982; Mountfort et al. 1984) . A further defined coculture of this type was isolated from an enrichment culture with 3-chlorobenzoate as substrate (Shelton and 1984) . Methanogenic degradation of hydroxylated and methoxylated benzoates and phenols was, so far, mainly studied with undefined enrichment cultures (Healy and Young 1979; Kaiser and Hanselmann 1982) . Benzoates carrying three hydroxy groups can be fermented to acetate and CO2 by pure cultures of e.g. Pelobacter acidigallici (Schink and Pfennig 1982) , and the same is true for trihydroxybenzenes. Resorcinol and resorcylic acids, with two hydroxy groups in meta-position to each other, are fermented to acetate and butyrate or acetate alone by defined cultures of strictly anaerobic bacteria; degradation does not always depend on a syntrophic cooperation with hydrogenscavenging anaerobes (Tschech and Schink 1985) . Methanogenic degradation of catechol and hydroquinone proceeded in enrichment cultures via reductive dehydroxylation to phenol, and appeared to depend on syntrophic hydrogen oxidation (Szewzyk et al. 1985) . Fermentative degradation of monohydroxybenzoates has not yet been studied in defined cultures. In the present paper, we describe two obligately syntrophic bacteria that degrade 2-or 3-hydroxybenzoate as well as benzoate to acetate, COz, and I--I 2. 3-Hydroxybenzoate is apparently degraded via benzoate after reductive elimination of the hydroxy group.
Materials and methods

Sources of organisms
Freshwater enrichments were inoculated with anaerobic digested sludge from the municipal sewage plants in Konstanz and G6ttingen, FRG , and with black anaerobic sediment samples from polluted creeks near Hannover and Konstanz, FRG. Marine enrichments were inoculated with anaerobic, black sediment from channels in Venice, Italy. Desulfovibrio vulgaris strain Marburg was kindly provided by R. K. Thauer, Marburg. Methanospirillum hungatei strain Mlh was isolated from digested sludge and uses hydrogen and formate as sole substrates.
Cultivation conditions and chemical analysis
All procedures for cultivation as well as for analysis of metabolic products were as previously described (Widdel and Pfennig 1981; Schink and Pfennig 1982; Tschech and Schink 1985) . The mineral medium for enrichment and further cultivation was carbonate-buffered and sulfide-reduced, and contained trace element solution SLI0 (Widdel et al. 1983) , selenite-tungstate solution (Tschech and Pfennig 1984) and vitamin-solution (Pfennig 1978) . The pH was 
Isolation and characterization
Defined cultures were obtained by repeated application of the agar shake culture method described by Pfennig (1978) . The medium contained the respective benzenoid substrate
(1 -5 raM), 2 mM acetate, 5 mM sulfate and a lawn of Desulfovibrio vulgaris or Methanospirillum hungatei. Tubes were gassed with NB/CO2 (80%/20%) gas mixture and sealed with butyl rubber stoppers. Purity of cultures was checked microscopically after growth in defined as well as in complex medium (AC-medium, Difco Laboratories, Detroit, MI, USA). All growth tests were carried out at least in triplicate at 28 ~ C.
All chemicals were of reagent grade and obtained from E. Merck AG, Darmstadt, FRG, or Fluka, Neu-Ulm, FRG.
Results
Enrichments with 3-hydroxybenzoate
Enrichment tubes containing 5 mM 3-hydroxybenzoate (3-HB) as sole organic energy and carbon source were inoculated with anaerobic sewage or sediment samples from freshwater or marine habitats. In freshwater enrichment cultures, methane production started after 10 to 14 days, whereas in enrichment cultures with marine sediments, methane production was observed only after 25 days. These marine enrichments grew very slowly furthermore and were not characterized any further. Freshwater enrichment cultures were transferred every 10 to 15 days into fresh culture medium. After five transfers, they degraded 3-HB quantitatively to acetate and methane. In enrichment cultures from both digestd sludge or freshwater creek sediments, the same bacterial population developed. The hydrogen-consuming methanogens resembled Methanospirillum sp. The predominant non-methanogenic bacteria were slightly curved immotile rods. Isolation of these bacteria was tried in coculture with either Desulfovibrio vulgaris or Methanospirillum hungatei as hydrogen scavenger. In agar shake cultures with M. hungatei added, many colonies developed up to the last dilution steps but none of them contained Experiments were performed at 28~ in 120 ml serum bottles sealed with butyl rubber septa. Samples were taken by syringe at times indicated. The headspace gas was N2/CO2 (80%/20%) gas mixture. 9 Cell density; [] acetate; V methane; 9 3-hydroxybenzoate the cell type mentioned. In agar shake cultures with D.
vulgaris added, fewer colonies developed in the first two weeks. After 4 -5 weeks of incubation, lens-shaped yellowish colonies appeared up to the last dilution tube which contained the 3-HB degrading bacterium and D.
vulgaris. Two colonies were further purified in two subsequent agar dilution series to ascertain purity of the syntrophic coculture; both isolates, strain KN032 and KN033, were physiologically identical.
Characterization of the 3-hydroxybenzoate degrading strain KN032
Cells of strain KN032 appeared in two forms, either as straight rods or as slightly curved rods, both with round ends, 0.8 Mm wide and 1.5-3.0 gm long, occurring singly or in pairs (Fig. 1) . The Gram reaction was negative. Motility or spore formation was never observed. Cells grew well in mineral salts medium in coculture with D. vulgaris.
This coculture did not grow without sulfate indicating an obligately syntrophic dependence. When M. hungatei -as an active hydrogen scavenger -was added to such a sulfatefree coculture growth recuperated. After some transfers of this methanogenic coculture into fresh sulfate-free medium only few cells of the sulfate-reducer were still present, but this low number ofD. vulgaris cells remained nearly constant over more than 20 following transfers. Even from such a well-growing methanogenic coculture it was not possible to isolate the 3-HB degrading bacterium in coculture with M.
hungatei because in agar shake cultures colonies did never develop. Therefore, always few cells of D. vulgaris remained in methanogenic cocultures. Addition of NaC1 (10 g. 1-1) and MgCI2 -6 H 2 0 (1.5 g 9 1-1), decreased both growth rate and growth yield, and no growth at all occurred in salt water medium. Phosphate concentrations higher than 5 mM inhibited growth. Yeast extract was not required and had no influence on growth rate or yield at 0.5 g -1-1 concentration. Growth was optimal at 28 ~ C and was possible between 25 ~ C and 34~ The pH limits were 6.4 and 7.4 with optimal growth at pH 7.1. Tests for degradation of various substrates and for determination of pH and temperature limits were performed with the sulfate-reducing coculture. The doubling time during growth with 3-HB was 3.0 + 0.5 days, irrespective of whether the hydrogen-scavenging bacterium was a sulfate reducer or a methanogen. Growth with benzoate was slower (doubling time 4.0 + 0.5 days). Lag-phases after inoculation of fresh medium varied from 0.5 to 5 days. A time course of substrate degradation and product formation during growth with 3-HB under optimal conditions is presented in Fig. 2 . The only substrates utilized by the new isolate were 3-hydroxybenzoate and benzoate. Other aromatic compounds were not degraded, and no qualitative modification of the UV-absorption spectra of the culture fluids was observed after 6 weeks of incubation. 2 C6H4(OH)COO-+ 9 H20 ~ 6 C H 3 C O O -+ 5H + + HCO~ + CH~ Growth yields with 3-HB were higher than those with benzoate (Table 1) , and less methane was formed during growth with 3-HB than with benzoate. Degradation of 3-HB was possible also with Acetobacterium woodii as hydrogen scavenger resulting in complete substrate conversion to acetate. Such a homoacetogenic fermentation was not possible with benzoate as substrate.
When 3-HB degrading methanogenic cultures were inhibited by addition of 0.5 mM 2-bromoethanesulfonate, no methane was formed but 3-HB added to a concentration of 5 mM was dehydroxylated to benzoate completely within 5 days. In dense cell suspensions of sulfate reducing cocultures (OD ~ 14.0) dehydroxylation of 15 mM 3-HB occurred within 1 day if sulfate was omitted.
Enrichments with 2-hydroxybenzoate (salicylate)
Enrichment cultures with 2.5 mM 2-hydroxybenzoate (2-HB; salicylate) as sole energy and carbon source were inoculated with anaerobic sewage sludge or sediments from freshwater or marine habitats. In enrichments with marine sediment, 2-HB was not degraded even after 4 months of incubation. In freshwater medium, 2.5 mM 2-ItB was mineralized Completely to methane and COz within 5 t o 6 weeks. Acetate accumulated as an intermediate to a inaximal concentration of 3 mM. From sewage sludge and sediments, the same immotile short coccoid rod was enriched which All procedures for determination of cell dry weights and assimilated substrate were the same as described in Table 1 
Characterization of the salicylate-degrading strain WOO21
Cells of strain Wo021 were very short, coccoid rods with round ends, 0.8-1.7~m long and 0.8-0.9gm wide, occurring singly or in pairs (Fig. 3) (Fig. 3) . Addition of NaC1 and MgClz to the freshwater medium decreased the growth rate, and no growth occurred in seawater medium. Addition of yeast extract was never necessary. With sulfate-reducing cocultures, the optimal growth conditions were at 28~ and pH 7.2. Besides salicylate, the new isolate also degraded 3-HB and benzoate in coculture with hydrogen-oxidizing anaerobes. Doubling times were about 3.5 days with 3-HB, 4.5 days with benzoate, and 5.5 days with salicylate as substrate. The molar growth yields obtained by strain Wo021 with 3-HB or benzoate were nearly the same as those obtained with strain KN032. Yields with salicylate were similar to those with 3-HB ( 
Enrichments with 4-hydroxybenzoate
Enrichinents with 2.5 mM 4-hydroxybenzoate (4-HB) as sole energy and carbon source were inoculated with sewage or sediment samples from freshwater or marine habitats. In freshwater enrichment cultures, methane production from 4-HB degradation started after almost 7 weeks. Lowering the substrate concentration to 1 mM shortened the lagphases of freshly transferred cultures; nevertheless, fresh transfer cultures always required high inocula to avoid long lag phases. After 10 transfers the cultures respresented a stable mixed culture consisting mainly of three types of bacteria. These were Gram-negative, immotile, nonsporing rods with round ends, 0.75-1.0 ~m wide and 1.0-2.0 ~m long, together with hydrogen-oxidizing bacteria resembling Methanospirillum sp. and acetate-degrading methanogens resembling Methanothrix soehngenii (Fig. 4a) . 4-HB degradation to methane and CO2 was always complete (Table 3) , with acetate accumulating intermediately up to 2 mM. The generation times of well-growing enrichment cultures were nearly 6 days. In enrichments from marine sediments, 4-HB degradation started after 6-7 weeks and growth of these cultures was slow compared to that of the enrichments from freshwater habitats. In the marine cultures, big, refractile, slowly motile, non-sporing rods, 1.4-1.5 ~tm • 1.5-3.5 gm in size, (Fig. 4b) prevailed which probably degraded the aromatic substrate to acetate and hydrogen. These were further metabolized by methanogens (Table 3) .
In all enrichment cultures from freshwater as well as from marine habitats, 4-HB was completely decarboxylated to phenol within 1 day. The further degradation of phenol took several weeks. 4-HB was decarboxylated even if applied at 10 mM concentration but the resulting 10 mM phenol inhibited any further microbial activity. 3,4-Dihydroxybenzoate (protocatechuate) was decarboxylated within 1 day by all enrichment cultures as well; the resulting catechol was not degraded. 2,4-Dihydroxybenzoate was not Table 3 . Stoichiometry of 4-hydroxybenzoate degradation by enrichment cultures KNPOB or MaPOB. Tests were performed at 28 ~ C in 120 ml serum bottles containing 50 ml mineral salts medium under Nz/COz (80%/20%) gas mixture. 4-Hydroxybenzoate was fed repeatedly at I mM concentration when the substrate concentration was lower than 0.1 mM a Reducing equivalents recovered as methane; reducing equivalents used for cell synthesis are not considered decarboxylated by any of the cultures. After subculturing the 4-HB-enrichment cultures four times with phenol as substrate, these cultures had lost the ability to decarboxylate 4-HB or 3,4-dihydroxybenzoate; bacteria specialized for decarboxylation may have been outdiluted. The 4-HB-or phenol-degrading bacteria were not isolated in defined cocultures.
Discussion
In the present paper, new strains of strictly anaerobic bacteria are described which were enriched and isolated with 3-or 2-hydroxybenzoate (salicylate). The strains obtained with 3-HB only degraded this snbstrate and benzoate; the isolate from enrichments with 2-HB catabolised 2-HB, 3-HB, and benzoate. No other substrates were attacked, and no acceptors other than protons were reduced. Enrichment cultures with 4-HB could not be worked up to a defined culture. However, the 4-HB-fermenting bacteria in these enrichments were obviously different from the two types obtained with 2-HB and 3-HB. It appears that all these anaerobes involved in the fermentative degradation of monohydroxybenzoates are very specialized organisms with a quite restricted substrate range. It is difficult to imagine how these bacteria survive in a natural anoxic environment in which these hydroxybenzoates do not represent a major substrate source (Pridham 1965) . Defined syntrophic mixed cultures enriched and isolated with benzoate or 3-chlorobenzoate do not attack hydroxybenzoates at all (Mountfort and Bryant 1982; Shelton and Tiedje 1984) .
The new isolates were all Gram-negative rods, and depended for substrate degradation on a syntrophic cooperation with hydrogen-oxidizing anaerobes. Conversions of benzoate [Eq. (1)] and hydroxybenzoate [Eq. (2) ] to acetate, CO2, and hydrogen are both endergonic reactions under standard conditions (calculations after Thauer et al. 1977; Kaiser and Hanselmann 1982; Thauer and Morris 1984 On the basis of these considerations, it is understandable that we could observe fermentation of hydroxybenzoates in both methanogenic and homoacetogenic cocultures whereas benzoate oxidation was only obtained in the methanogenic cocultures. The free energy changes for substrate oxidation in combination with hydrogen-oxidizing sulfate reducers are slightly higher than those calculated for the methanogenic cocultures.
The defined cocultures described in this paper converted 3-HB to benzoate which accumulated in the medium if further oxidation was inhibited by either bromoethanesulfonate or lack of sulfate. No such conversion was observed with 2-HB. On the basis of these results, a hypothetical scheme can be suggested which combines the degradation pathways of these substrates ( Fig. 5 ; modified after Dutton and Evans 1969; Evans 1977) . According to this scheme, 3-HB is converted to benzoate via reductive dehydroxylation. 2-HB enters the benzoate degradation pathway at a later stage when a hydroxy function in ortho-position is of advantage for the ring cleavage and further oxidation process which leads to three acetate residues and one CO2. This scheme postulates a nearly identical pathway of 3-HB and benzoate degradation which should provide the same chances for substrate-linked phosphorylation with both substrates. However, the cell yields obtained with these two substrates differed considerably by about 50%. This finding can be explained in two ways: Either 3-HB degradation provides a further possibility of ATP synthesis by e.g. electron transport or other energy-conserving transport processes, or part of the energy conserved in benzoate degradation by substrate-linked phosphorytation has to be reinvested into energy-consuming reactions.
The first hypothesis is in accordance with the observation that reductive elimination of a ring substituent, in this case, removal of chlorine from 3-chlorobenzoate, can provide enough energy for an anaerobic bacterium specialized in this reaction to cover all its energy needs (Shelton and Tiedje 1984) . A similar process was assumed to be involved in reductive dehydroxylation of catechol and hydroquinone to phenol. The redox potential of these redox couples was calculated to be in the range of -50 to -100 mV (Szewzyk et al. 1985) . Electrons at the redox potential of free hydrogen or NADH could be transported to this potential with concomitant ATP synthesis. It was shown recently that an Enterobacter cloacae strain can combine the oxidation of the methyl residue of ferulate with the reductive dehydroxylation of the resulting caffeate and its further reduction to phenylpropionate (Grbi6-Gali6 and LaPat-Polasko 1985) . One could also think of a special uptake system for 3-HB (which is more polar than benzoate) into the cell that could be coupled with an ion antiport which allows additional ATP synthesis by a suitable membrane-bound ATPase.
The second hypothesis is based on the consideration that some of the electrons gained during benzoate oxidation to acetate arise from desaturation reactions at the redox potential of about 0 mV. Release of these electrons as molecular hydrogen (Eo = -420 mV) would require energy for a hypothetical reversed electron transport (Thauer and Morris 1984) . First experimental evidence for the existence of such an anaerobic reversed electron transport was obtained recently with the succinate dehydrogenase system of acetateoxidizing sulfur-reducing bacteria (Paulsen et al. 1986 ). If some of these electrons could be transferred at about the same potential to a reductive dehydroxylation reaction (as with 3-HB) or would not arise at all (because the substrate is already hydroxylated in a suitable poisition -as with 2-HB), the cell could save some of the energy which otherwise would need to be invested into an energy-consuming reversed electron transport.
The different pathways of 2-HB and 3-HB degradation again follow the rule already found with degradation of the dihydroxybenzenes (Szewzyk et al. 1985; Tschech and Schink 1985) : Hydroxy groups in a position suitable for fi-oxidation of the ring skeleton are conserved whereas those which would impede t-oxidation are reductively eliminated prior to ring saturation. A third way of substrate modification was observed in the present study with 4-HB degradation: In all enrichment cultures with this substrate, 4-HB was first decarboxylated to phenol before the ring system was further modified. Similar decarboxylation reactions were observed with other hydroxybenzoates, e.g. gallic acid or 2,4,6-trihydroxybenzoate (Schink and Pfennig 1982; Samain et al. 1986 ) and with two resorcylic acids (Tschech and Schink 1985) . Thus, it depends on the relative position of the substituents to each other whether a hydroxybenzoate is degraded via benzoate or via phenol or, as with 2-HB, retains both functional groups until ring cleavage.
